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The transcription factor Brinker (Brk) represses gene expression in the Drosophila wing imaginal disc, where it is expressed in symmetrical
lateral-to-medial gradients, a pattern that is established by inverse gradients of the TGF-h, Dpp, which is in turn transduced into graded
phosphorylated Mad (pMad, an R-Smad). pMad is part of a complex which directly represses brk. sal and omb are targets of Brk and are, thus,
only expressed medially with their domains extending mediolaterally into the region where Brk is graded. omb extends more laterally than sal,
indicating that higher levels of Brk are required to repress it. This is supported by our demonstration that higher levels of ectopic Brk are required
to completely repress omb than sal. We also show, however, that Mad antagonizes the ability of Brk to repress these genes, indicating that pMad
directly activates their expression (as well as repressing brk). Thus, whether a gene is expressed at a particular location may depend not only on
how much Brk is present, but also on the level of pMad. We have also investigated the mechanism by which the brk expression gradient is
established and show that it is not just a simple readout of the pMad gradient but requires Brk to repress its own expression. In brk mutants, the
brk gradient is not established: brk is still off medially and on at high levels laterally, but there is almost no graded expression between these
extremes. This Brk negative autoregulation appears to increase the sensitivity of the cells to Dpp/pMad and should also function to stabilize the
brk gradient.
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The Decapentaplegic (Dpp) protein of Drosophila is a
member of the TGF-h superfamily of secreted signaling
proteins, most closely related to the BMPs (Padgett et al.,
1987). It plays important roles in the development of almost all
of the tissues in the fly, including the wing imaginal disc where
it has been shown to act as a morphogen, regulating gene
expression in the anteroposterior (A/P) axis in a concentration-
dependent manner (Nellen et al., 1996; Zecca et al., 1995). The
dpp gene is expressed as a medial stripe immediately anterior
to the A/P compartment boundary (Blackman et al., 1991;
Masucci et al., 1990), and, following secretion, Dpp protein
becomes distributed in medial-to-lateral gradients (Entchev et
al., 2000; Teleman and Cohen, 2000) probably by facilitated
diffusion mediated by heparan sulfate proteoglycans (Belen-
kaya et al., 2004). A BMP activity gradient is established from0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.08.036
* Corresponding author. Fax: +1 412 624 4759.
E-mail address: camp@pitt.edu (G. Campbell).this Dpp distribution, possibly in collaboration with another
BMP, Glass Bottom Boat (Ray and Wharton, 2001), and is
used to set the lateral boundary of gene expression domains in
the wing. These include spalt (sal) and optomotor-blind (omb),
with omb being induced above lower levels of BMP signaling
than sal and is consequently expressed more laterally (Nellen
et al., 1996).
In common with other TGF-hs, activation of BMP receptors
in the wing disc results in phosphorylation of an intracellular
R-Smad, Mothers-against-Dpp (Mad) (Newfeld et al., 1997;
Raftery et al., 1995; Sekelsky et al., 1995; Shi and Massague,
2003). Consequently, pMad levels are graded like those of
Dpp, although the pMad profile is modified by downregulation
of the BMP receptor, Thickveins (Tkv), in the cells expressing
Dpp (Tanimoto et al., 2000; Teleman and Cohen, 2000).
Phosphorylation of R-Smads results in their translocation from
the cytoplasm to the nucleus, where, in combination with a Co-
Smad (Medea in Drosophila), they can act as sequence-specific
transcription factors and activate or repress transcription of
specific TGF-h target genes (Shi and Massague, 2003). Thus,
in theory, BMP signaling via pMad could activate expression86 (2005) 647 – 658
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by repressing the expression of a repressor. In fact, the latter
appears to be the primary mechanism by which Dpp regulates
gene expression in the wing, with the transcriptional repressor
being the Brinker (Brk) protein (Campbell and Tomlinson,
1999; Jazwinska et al., 1999; Minami et al., 1999).
The brk gene is expressed in a mirror-image pattern to that of
Dpp. This is dependent upon direct repression via silencer
elements upstream of brk, which recruit a repressor complex
composed of pMad, Medea and the zinc finger protein, Schnurri
(Shn) (Marty et al., 2000; Muller et al., 2003; Pyrowolakis et al.,
2004). Silencer activity appears to be directly sensitive to the
level of Dpp because the limiting factor in the repressor
complex is pMad. Consequently, the brk expression gradient
should be a direct readout of the Dpp/pMad gradient (Muller
et al., 2003).
Brk protein is a sequence-specific transcription factor that
directly represses expression of Dpp target genes, including sal
and omb (Barrio and de Celis, 2004; Rushlow et al., 2001;
Sivasankaran et al., 2000; Zhang et al., 2001). In brk mutants,
the expression domains of sal and omb expand laterally, and
this ectopic expression does not require pMad (Campbell and
Tomlinson, 1999; Jazwinska et al., 1999; Marty et al., 2000),
indicating that the main factor controlling the lateral limits of
sal and omb expression in wild-type discs is Brk; the omb
domain is assumed to be wider than sal because it is less
sensitive to repression by Brk. According to this view, the
primary function of Dpp is to remove Brk from central regions
of the wing to allow expression of sal and omb. However,
although Dpp targets are expressed in the absence of both Brk
and Dpp signaling, there is some evidence that the latter may
have a direct positive influence on their expression. Notably,
endogenous levels of sal in the medial region are higher than
those found in brk mutant cells in lateral regions, suggesting
that sal is directly activated by pMad and that the lateral limit of
expression may be a trade-off between repression by Brk and
activation by pMad (Campbell and Tomlinson, 1999; Jazwinska
et al., 1999; Marty et al., 2000). Because omb expression levels
in the absence of brk appear to be similar with or without pMad,
it is thought that the limits of omb are set simply by Brk
(Campbell and Tomlinson, 1999; Jazwinska et al., 1999).
Here, we test the mechanisms used to limit omb and sal
expression, and our results are consistent with omb and sal
being differentially sensitive to repression by Brk. However,
we also show that upregulating Mad levels antagonizes Brk
activity so that more Brk is required to repress both sal and
omb in the presence of increased Mad, indicating that Mad
directly activates both genes and that the lateral limits of both
sal and omb are set by a competition between repression by
Brk and activation by pMad. In addition, we also demonstrate
that the generation of a brk expression gradient from a gradient
of pMad is more complicated than previously thought and
requires Brk to repress itself; in the absence of functional Brk,
brk (monitored with an enhancer trap) is still repressed in the
medial regions by pMad, but levels then rise sharply and are
not graded as in wild-type discs. Possible reasons for this
negative autoregulation are discussed.Materials and methods
Fly strains
Flies carrying the following existing alleles or transgenes were used: brk M68,
brk XA , hs-GFP (Avic \GFPhs.T:HsapMYC), hs-flp (P{hsFLP}22), FRT18A
(P{ry[+t7.2]=neoFRT}18A), omb-lacZ (P{lacW}biPol-1), en-Gal4 (P{en2.4-
GAL4}e16E), UAS-GFP (Avic\GFPScerUAS.T:HsapMYC,T:SV40nls2), tub>CD2>
Gal4 (Scer \GAL4ScerFRT.RnorCD2
.aTub84B), omb-Gal4 (bimd653), UAS-p35
(P{w[+mC]=UAS-p35.H}BH3), UAS-Mad (MadScerUAS.cNa), B14-lacZ (Ecol\
lacZbrk.B14). Unless indicated otherwise in parentheses, all genotypes are as
denoted in Flybase (http://flybase.bio.indiana.edu), where more information on
each can be found. The UAS-brk line used here, UAS-brkB459, is previously
unpublished and was generated in the same way as UAS-brkA459 (Winter and
Campbell, 2004). This line was used because it is the weakest UAS-brk line
available, all other lines are too strong for the analysis presented here.
Ectopic expression and clonal analysis
In most of the experiments, an engrailed-Gal4 line was used to drive
expression of UAS transgenes. For all experiments, each animal carried two
UAS transgenes: for UAS-brk alone, the second transgene was UAS-GFP, and,
when UAS-brk was present together with UAS-p35 or UAS-Mad, the UAS-
GFP was excluded. The effect of ectopic brk was analyzed at different
temperatures, and it was found that 20-C and 25-C produced reproducible
results, although there is still a little variation between individuals.
Expression of the B14-lacZ reporter in brk mutant clones was achieved by
hs-flp/FRT-induced mitotic recombination. Clones were generated in the
second or early third instar of larvae with the following genotype: brkM68
FRT18A/hsGFP FRT18A; B14-lacZ; hs-flp. Clones were identified by loss of
GFP. Ectopic expression of UAS-brk in clones was achieved using a
combination of the UAS/Gal4 system and the FLPout technique (Pignoni and
Zipursky, 1997; Struhl and Basler, 1993) in larvae with the following genotype:
hs-flp UAS-GFP TbrkXA; UAS-brkB459; Tub>CD2>Gal4. Larvae were given a
34-C heat shock for 1 h in early third instar and subsequently raised at 17-C;
clones were identified in late third instar discs by GFP expression. The low
temperature, 17-C, is required to reduce levels of ectopic expression because
higher levels result in loss of the clones (Moreno et al., 2002).
Immunostaining and analysis of adult wings
Dissection and staining of imaginal discs were carried out by standard
techniques. omb expression was detected using a lac-Z enhancer trap in all
experiments apart from Fig. 1C where it was detected using omb-Gal4/UAS-
GFP; note that the expression domain of the latter is slightly wider than that of
omb-lacZ. The following antibodies were used: anti-Sal (rabbit, 1:50; Kuhnlein
et al., 1994); anti-hgal (mouse, 1:200; Promega); anti-cleaved Caspase-3
(Rabbit 1:50; Cell Signaling Technology), anti-Brk (1:200) (Campbell and
Tomlinson, 1999), PS1 (anti-pMad, rabbit 1:2000) (Persson et al., 1998).
F-Actin was localized with Phalloidin-Texas Red (Molecular Probes). For
standard analysis and to generate intensity profiles (Figs. 1 and 6), discs were
mounted with the minimum amount of mounting medium to ensure that they
were as flat as possible. Discs that were to be analyzed by optical XZ sections
were mounted with double-sided tape as a spacer between the slide and coverslip
to maintain disc morphology (Figs. 2, 5). Confocal Z-section series were
collected on a Bio-Rad Radiance 2000 confocal microscope and were
subsequently processed using the Object Image program to generate intensity
profiles and optical XZ sections. Wings from adult flies were mounted in GMM.
Results
Comparison of brk expression to that of pMad and downstream
targets sal and omb
Previous studies showed brk to be expressed in a lateral-
to-medial gradient in the anterior and posterior halves of the
Fig. 1. Expression of brk and Brk target genes in wild-type wing discs. (A)
Expression of brk revealed with a specific antibody (Ai; green) and a brk-lacZ
enhancer trap (Aii; brkXA/+; red). (Aiii) An intensity profile across the A/P axis
(from left to right, averaging the region between the two horizontal lines in Aii
centered on the dorsoventral boundary) shows the lateral-to-medial gradient of
expression in the anterior and posterior halves of the wing pouch; there is a
slight difference in the profile of the gradients revealed by the antibody and
enhancer trap. (B) Comparison of brk expression (Bi; brkXA/+; green) to that of
pMad (Bii; red). (Biii) An intensity profile shows that, although pMad is
graded, at the levels of detection, this gradient does not extend significantly into
the region where brk is graded. (C) Comparison of brk-lacZ expression (Ci;
brkXA/+; green) to that of Brk targets, sal (Cii, red) and omb (Ciii; blue). The
intensity profile (Cv) shows that there is little overlap between Sal and brk in
the anterior, but this is not the case in the posterior, suggesting that sal is
repressed above a higher threshold of Brk (indicated by the lines) in the
posterior compared to the anterior (in all figures of discs, anterior is to the left).
(h-gal expression in brkXA, and pMad and Sal expression were detected using
specific antibodies; omb expression was detected using omb-Gal4; UAS-GFP).
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1999; Minami et al., 1999; Muller et al., 2003). Initially, we
reexamined the brk expression gradient in more detail,
comparing it to that of pMad, which is directly responsible
for its establishment (Muller et al., 2003), and to downstream
targets sal and omb, which are directly regulated by Brk (Barrio
and de Celis, 2004; Sivasankaran et al., 2000). Brk expression
was monitored using either a Brk-specific antibody or with theenhancer trap, brkXA (with anti-h-gal); both show graded
expression in the wing pouch (Fig. 1A). pMad expression was
revealed using an antibody against the phosphorylated form;
previous studies have already described this pMad profile,
which is regulated not simply by how much Dpp is present but
also by levels of its receptor Tkv (Tanimoto et al., 2000). The
latter is downregulated in the cells immediately anterior to the
compartment boundary, resulting in lower levels of pMad there
than in the cells immediately posterior to the boundary. pMad
antibody staining is clearly graded from the medial peaks in the
A and P compartments, but the gradient is fairly sharp and levels
drop to background quite rapidly so that antibody staining
appears at this background level over most of the region where
brk expression is graded (Fig. 1B). Note that this reflects the
limits of our ability to detect physiological levels of pMad with
the antibody because genetic studies clearly demonstrate that
Mad is required to repress brk even in the regions where pMad
levels detected with the antibody are at background levels
(Campbell and Tomlinson, 1999). However, it does suggest that
relatively low levels of pMad are sufficient to repress brk.
Closer examination revealed a slight difference in the
gradient profile of the anti-Brk staining compared to that of
the enhancer trap, with the latter gradient being shifted more
medial than the former (Fig. 1A). This could be explained by a
number of reasons: first, there may be a real difference in brk
RNA versus protein expression, second, the enhancer trap may
not faithfully reproduce brk expression, third, if the gradient is
not static, perdurance of h-gal protein may account for this
difference or, lastly, the most likely explanation, the h-gal
antibody is simply more sensitive than the Brk antibody.
Whether these staining patterns actually reflect where brk is
expressed can be judged by comparing them to where Brk is
known to function. Two of the best-characterized targets of Brk
are sal and omb, with the limits of sal expression being more
medial than that of omb (Fig. 1C) (Lecuit et al., 1996; Nellen et
al., 1996). Loss of brk results in expansion of both sal and omb
domains (Campbell and Tomlinson, 1999; Jazwinska et al.,
1999; Minami et al., 1999), so brk must be expressed in the cells
immediately lateral to the sal expression domain. Comparison
of the enhancer trap staining with that of sal shows that in the
anterior compartment the edge of the sal expression domain
coincides with the site at which h-gal expression can be first be
detected (Fig. 1C) and indicates that this enhancer trap is
probably a good reflection of where brk is actually expressed. It
should also be noted that these patterns of expression of sal and
brk in late third instars are similar to that found in earlier stages
of development (not shown).
Although sal appears to be repressed by almost undetectable
levels of Brk in the anterior, in the posterior, this is not the case,
and, here, there is a clear overlap between brk and sal (Fig.
1Cv). This indicates that more Brk is required to repress sal in
the posterior than the anterior. The omb expression domain
extends more laterally than sal so that the edge of the omb
domain obviously coincides with higher levels of Brk, although,
unlike sal, there was no consistent difference between levels
required to repress omb in the anterior compared to the
posterior.
Fig. 2. Differential sensitivity of sal and omb to repression by Brk. (A) Wild-type adult wing and imaginal disc. (Ai) Adult wing with the five longitudinal veins
labeled and the posterior compartment highlighted (corresponding to the region where en-Gal4 is expressed). (Aiii –x) Wing disc stained for F-Actin (red), omb
(blue) and en-Gal4 (using UAS-GFP, green). (ii –v) XZ optical section across the center of the wing pouch of the disc shown in vi– ix (apical at top). (ii) F-Actin; (iii)
omb; (iv) en-Gal4; (v) omb/en-Gal4. The disc is reasonably flat across most of its width, and the omb expression overlaps extensively with en-Gal4 in the posterior.
(vi– ix) Standard XY confocal section; the compartment boundary is marked in vii and ix. (B, C) Adult wings and wing discs in which brk was been ectopically
expressed in the posterior using en-Gal4. The flies were raised at either 25-C (B) or 20-C (C); higher levels of ectopic brk are achieved at the higher temperature. (Bi)
At the higher temperature, there is a dramatic reduction in the size of the posterior region of the wing and loss of vein 4 and partial loss of 5. (Ci) These effects can
also be seen at the lower temperature but are less severe. (Bii–viii) Wing imaginal discs stained and depicted as in (A). The optical XZ section reveals a dramatic
alteration in the morphology of the disc, which has a significant invagination centered on the interface between cells ectopically expressing Brk in the posterior and
the non-expressing cells in the anterior (marked by the white line in vii and viii). The lower two images in each set are standard XY sections taken either apically or
basally (the plane of these sections is indicated by the white lines on the right of the optical section in ii). omb expression is almost completely extinguished in the
posterior. (Cii–vii) At 20-C, there is still some omb expression (blue) in the posterior of wing discs, overlapping with the ectopic Brk. However, Sal expression (red)
is almost completely lost. (omb expression was detected using an enhancer trap and h-gal antibody, Sal expression with a specific antibody and F-Actin with
Phalloidin-Texas Red.)
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perfectly straight in respect to the A/P compartment boundary
and appears to be more intense closer to the presumptive wing
margin at the interface between dorsal and ventral compart-
ments (Fig. 1Aii). Although this might suggest that Wingless
signaling, which controls D/V patterning, may have an
influence on brk expression, we have not detected any effect
on brk expression in cells in which Wg signal transduction is
disrupted (e.g. in arrow mutant clones, not shown), so the
precise reason for modulation of Brk levels along the D/V
axis remains to be determined. This profile of brk expression
does correlate somewhat with that of pMad and sal and omb,
which are also not straight, apart from sal in the posterior
(Figs. 1B, C).
sal and omb are differentially sensitive to repression by Brk
The expression patterns of sal and omb predict that they
are differentially sensitive to Brk and that higher levels of
Brk are required to repress omb than sal. Preliminary
experiments of Muller et al. in which different levels of
brk were misexpressed in the wing disc supported this
proposal (Muller et al., 2003). However, these studies used a
dpp-Gal4 to overexpress brk, and this can partially disrupt
dpp expression itself (not shown), complicating the interpre-
tation of these results. Consequently, we have tested thisproposal further by monitoring the response of each gene to
increasing levels of ectopic Brk in the following manner. brk
was misexpressed with the UAS/Gal4 system using a UAS-
brk line and en-Gal4, which drives expression in the
posterior of the wing disc. en-Gal4 was used for three
reasons. First, ectopic expression only in the posterior allows
direct comparison of its effect on sal and omb with
neighboring anterior cells in which brk is not expressed.
Second, ectopic brk expression in the posterior does not
disrupt dpp expression in the anterior. Third, because the
threshold response of these genes may be different in the
anterior and posterior, it is important to compare the effects
of ectopic brk in different discs only in the same
compartment. Brk levels were varied by raising larvae at
different temperatures: Gal4 is cold sensitive so that the
higher the temperature the more ectopic expression is
achieved. Consistently different outputs were achieved at
20-C and 25-C.
Analysis of adult wings from UAS-brk; en-Gal4 flies clearly
demonstrated that the level of Brk activity increased with
temperature (Figs. 2Ai, Bi, Ci). At 20-C, the posterior is
slightly reduced with disrupted vein formation; veins 4 and 5
are usually still present but are distally incomplete (Fig. 2Ci).
At 25-C, the posterior is more drastically reduced in size, with
notching of the margin distally, vein 4 and the posterior cross
vein are lost, and vein 5 is distally incomplete (Fig. 2Bi).
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revealed that there is a dramatic alteration to their normal flat
morphology (Fig. 2Aii–v); they have a deep invagination
centered on the interface between cells ectopically expressing
brk in the posterior and non-expressing cells in the anterior
(Fig. 2Bii–v). With reference to the apical/basal polarity of the
epithelium, this invagination moves cells basally. At 20-C, this
effect is reduced, but a small invagination is still present (Fig.
2Ciii). Because of this alteration to disc shape, examination of
gene expression required more careful analysis than in wild-
type discs; in particular, it is important to note that an XY
section positioned apically does not include the invagination
and the position where brk-expressing and non-expressing
cells are confronted (Fig. 2Bii–v). Consequently, XY sections
were analyzed both apically and basally, and an optical XZ
section was generated from the XY stack. This revealed that at
25-C both sal and omb were almost completely repressed in
the posterior in most discs (Fig. 2B; there was a slight amount
of variation between discs, but omb was barely detectable in
the posterior of 80% of the discs examined). However, at
20-C, only sal was almost completely repressed in most discs
(Fig. 2Cii, v; again, there was some variation, but sal was
barely detectable in the posterior of 75% of the discs
examined), while significant expression of omb could now
be detected in the posterior of all discs (Fig. 2Ciii, vi). This
demonstrates that higher levels of Brk are required to repress
omb than sal.Fig. 3. Brk protein expression following misexpression with UAS-brk. Wing discs in
green) and stained with Brk antibody (red) raised at either 20-C (A) or 25-C (B and
which Brk staining is largely due to ectopically expressed protein. Although high
antibody staining is uneven, with variable levels of expression in the ectopic dom
posterior). GFP expression (also driven using the UAS/Gal4 system), however, is mo
Brk antibody (arrowheads in C).Ideally, we would have liked to have compared wild-type
expression levels of brk to those driven by Gal4 and also to
have clearly demonstrated that raising UAS-brk; en-Gal4
larvae at higher temperatures does result in higher levels of
Brk protein expression than at lower temperatures by simply
monitoring Brk levels with antibody staining. However, anti-
Brk staining was uneven in the region where brk was
ectopically expressed, with cells expressing variable levels of
Brk from very high to undetectable (Figs. 3Aii, Bii, Cii). In
contrast, levels of GFP produced from UAS-GFP are fairly
uniform in all the cells in the posterior wing pouch, indicating
that variations in Gal4 levels cannot account for the variation in
anti-Brk staining (Figs. 3Ai, Bi, Ci). As described above, both
sal and omb are completely repressed in the posterior at 25-C
and are, thus, repressed in the cells in which Brk cannot be
detected with anti-Brk (Fig. 3C), indicating Brk is, or was,
actually expressed in these cells. There are several possible
explanations for this. For example, Brk levels may be
oscillating, possibly during the cell cycle, with high levels
being required only during one specific period for repression of
sal and omb. Alternatively, Brk may be expressed throughout
the cell cycle, but the epitope recognized by the antibody may
be masked at different times in the cell cycle. Even if any of
these possibilities are correct, it is unclear why this occurs
when Brk is misexpressed using the UAS-Gal4 system and
does not occur with endogenous Brk in lateral regions. One
possibility is that this is associated with the expression of highwhich brk was ectopically expressed in the posterior (revealed with UAS-GFP,
C; C is a magnification of B). In (A, B), the horizontal line marks the region in
er levels of ectopic Brk appear to be achieved at the higher temperature, Brk
ain (in contrast to the endogenous domain in the anterior and laterally in the
re uniform and some cells expressing GFP stain very poorly or not at all with the
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Fig. 5A), a situation that does not exist in the wild-type disc.
Repression of gene expression by ectopic Brk is not linked to
increased cell death
Loss of Dpp signaling and ectopic Brk has been reported
to result in cell death in the wing pouch (Moreno et al., 2002),
and so the possibility that cell death may play a role in the
loss of sal and omb following ectopic expression of brk was
investigated (for example, the cells expressing sal and omb
may simply just die). First, the level of cell death in the
posterior where brk was misexpressed was compared to that
in the anterior using an antibody against cleaved Caspase-3
(act-Casp3), which stains cells undergoing apoptosis. No
difference was observed and, although there was some cell
death in the posterior, this was similar to that in the anterior
even at 25-C (Figs. 4A, B). A similar study suggested that
ectopic brk may induce apoptosis, in particular at the interface
between brk-expressing and non-expressing cells (Martin et
al., 2004). However, that study used a much stronger UAS-
brk line than used here and may account for the difference in
results.
In a second approach, brk was misexpressed in combination
with UAS-p35; the p35 protein prevents apoptosis (Hay et al.,
1994). This ability to prevent cell death is revealed by staining
with anti-act-Casp3 because p35 does not prevent the
activation of Caspase-3 but prevents its ability to promote
apoptosis (Bump et al., 1995; Xue and Horvitz, 1995; Yu et al.,
2002) so that, in the presence of p35, staining identifies cells
which would have died in the absence of p35 but now survive
(Yu et al., 2002). Misexpression of p35 with en-Gal4 in the
absence of UAS-brk results in groups of act-Casp3-positiveFig. 4. Cell death following misexpression of Brk. Apart from (C, F), all wing discs
en-Gal4, either at 20-C or 25-C. The interface between anterior and posterior in the d
to the right of this. In (C–J), apoptotic cell death has been reduced by co-expressio
p35, are revealed by staining with an antibody against act-Casp3 (green). (A, B) In
level of cell death in the anterior than in the posterior where Brk is misexpressed. (C,
wing but is associated with survival of act-Casp3-positive cells in the posterior regio
expression of brk and p35 has similar effects on the patterning of adult wings to t
associated with more wing tissue than in its absence, but this extra tissue appears as
disrupted in a similar fashion to that without p35 (compare to Fig. 2Ci). (G, I, J) As
would have died. There are only a few of these at 20-C and, while, there are more at
Brk (compare to F). However, at 25-C (I and J; these are apical and basal sections
appear to be located basally and in some cases (white arrow) outside of the main ect
by co-expression of p35, as shown here where Sal (red) is almost completely reprecells in the posterior of wing discs (Fig. 4F; the groups may
correspond to clones derived from a single precursor destined
to die). Similar groups of cells can be identified in discs in
which p35 is misexpressed in combination with brk (Figs. 4G,
I, J). Although the size and number of these act-Casp3-positive
groups of cells are very variable from disc to disc, there is an
increase in number at 25-C compared to 20-C. However, there
is no obvious increase in number between discs in which brk is
expressed and which it is not expressed (compare Fig. 4J to
4F). However, one difference here is that, at 25-C, in discs in
which brk is expressed, some of these act-Casp3-positive
groups of cells have clearly been excluded from the disc
epithelium (Fig. 4Ii).
The contribution of cell death to the patterning defects and
reduction in tissue size caused by ectopic brk was then
investigated by comparing these phenotypes in the presence
and absence of p35. To ensure that the introduction of an
additional UAS construct did not titrate the available Gal4 and
result in a modified response to ectopic Brk, the UAS-GFP
used in the previous experiments (in Fig. 2) was eliminated so
that the same number of UAS constructs was present (here
UAS-Brk/UAS-p35; previously UAS-Brk/UAS-GFP). Expres-
sion of p35 alone in the posterior had minimal effects on
patterning of adult wings (Fig. 4C). Comparison of wings from
adults in which Brk was misexpressed either with or without
UAS-p35 revealed that at 20-C there was little difference
between the two (Fig. 4D, compare to Fig. 2Ci), but, at 25-C,
the introduction of p35 results in slight blistering of the wings,
indicating that extra tissue is present when cell death is
prevented (Fig. 4E, compare to Fig. 2Bi). However, the effect
on patterning of the wing, as judged by venation, was very
similar with vein IV largely absent and vein V distally
incomplete. Thus, the patterning defects and reduction inor adult wings are from flies in which brk was expressed in the posterior using
iscs is indicated by a white line so that Brk is ectopically expressed in the region
n of UAS-p35. Dying cells, or cells that would have died but now survive with
the absence of p35, little difference can be detected at either temperature in the
F) Misexpression of p35 alone has only minor effects on patterning of the adult
n of wing discs (these cells would have died in the absence of p35). (D, E) Co-
hat of brk alone (compare to Figs. 2Bi, Ci). At 25-C, co-expression of p35 is
blisters, while the general patterning of the wing, as revealed by the venation, is
for wild-type discs, expression of p35 is associated with survival of cells which
25-C (I, J), the number does not appear significantly more than in the absence of
, respectively, of the same disc), most of the surviving act-Casp3 positive cells
odermal sheet of the wing disc. (H) The response of Brk targets is not modified
ssed at 20-C (compare to Fig. 2Cii, v).
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expression cannot be explained by excessive cell death;
another similar study came to the same conclusion (Martin et
al., 2004).
In imaginal discs, the effect of ectopic Brk on sal and omb
expression was very similar in the presence and absence of
p35 so that sal expression was lost completely in the posterior
at 20-C (Fig. 4H, compare to Fig. 2Cii, iv) but that higher
levels of Brk achieved at 25-C were required to completely
repress omb (not shown). This indicates that cell death has
little effect on the loss of sal and omb following ectopic
expression of Brk.
Mad antagonizes the ability of Brk to repress both sal and omb
expression
Previous studies indicated that sal, but not omb, is directly
activated by pMad so that its expression is dependent on the
relative levels of pMad and Brk (Campbell and Tomlinson,
1999; Jazwinska et al., 1999; Marty et al., 2000; Minami
et al., 1999). Initially, we examined whether the levels of
pMad were reduced following misexpression of brk to
determine whether this may be associated with the loss of
sal expression. High levels of pMad can be detected posterior
to the compartment boundary in UAS-Brk; en-Gal4 wing discs
(Fig. 5Aii), so loss of sal is not associated with reduced pMad
levels and is presumably directly repressed by Brk. The high
levels of pMad posterior to the boundary in these discs areFig. 5. Mad antagonizes repression of sal and omb by Brk. (A) Wing discs in which
UAS-GFP, blue) and stained for pMad (red) and brk-lacZ (green, i.e. showing expre
sections. The lower two images are standard XY sections taken either apically or bas
optical sections above). The ectopic brk and the alteration in disc morphology appe
high in the cells adjacent to the A/P boundary. This is also associated with repression
of UAS-brk and UAS-Mad. The interface between anterior and posterior in the discs
region to the right of this. (B) At 20-C, Sal is now expressed in the posterior overl
expression in the posterior (compare to Fig. 2Cii, v). (C) At 25-C, omb can still balso associated with complete repression of the endogenous
brk gene, as assessed by h-gal expression from the brkXA
enhancer trap (Fig. 5Aiii).
Next, we tested whether upregulation of pMad levels could
antagonize the effects of ectopic Brk. This was achieved using
a UAS-Mad transgene; although this only directly raises the
level of Mad, it does result in upregulation of pMad as
evidenced by its ability to phenocopy gain-of-function Dpp
phenotypes (Marquez et al., 2001; Tsuneizumi et al., 1997). It
was not possible to compare adult wings from flies in which
brk was misexpressed with those in which brk and Mad were
misexpressed together because Dpp and Mad are involved in
vein differentiation during the pre-pupal/pupal periods (de
Celis, 1997; Marquez et al., 2001; Yu et al., 1996) and
misexpression of Mad alone using en-Gal4 induces ectopic
veins (not shown). Comparison is, however, possible in
imaginal discs and reveals a clear reduction in the ability of
ectopic Brk to repress both sal and omb when Mad is co-
expressed. Again, possible titration of Gal4 was avoided by
using two UAS transgenes in all experiments (previously
UAS-brk/UAS-GFP, here UAS-brk/UAS-Mad), and, although
anti-Brk staining is uneven (Fig. 3), there is no obvious
difference with or without UAS-Mad (Fig. 5Biii). Although
sal is completely repressed by Brk alone at 20-C, when co-
expressed with Mad, there is significant expression of sal in
the posterior (Fig. 5Bi, compare to Fig. 2Cii, v), and larvae
have to be raised at 25-C before sal is lost (not shown).
Similarly, omb, which is completely repressed by Brk alone atBrk (alone) is ectopically expressed in the posterior with en-Gal4 (revealed by
ssion of the endogenous brk gene). The upper images in each set are XZ optical
ally (the plane of these sections is indicated by the white lines on the right of the
ar to have little or no effect on pMad levels in the posterior, which remain very
of brk-lacZ in the medial/mediolateral regions of the disc. (B, C) Co-expression
is indicated by a white line so that Brk and Mad are ectopically expressed in the
apping with the ectopic Brk. In addition, there is a significant domain of omb
e detected in the posterior (arrowhead; compare to Fig. 2B).
Fig. 6. The brk expression gradient is lost in a brk mutant. (A) Phenotypically
wild-type disc from brkXA/+ animal stained for h-gal expression (green; this is
the same disc as in Fig. 1Bi). (B) Hemizygous mutant brkXA disc stained for h
gal expression in parallel with the disc in (A); same magnification as the disc in
(A). The general levels of expression are clearly higher and expression extends
more medially. (C) The same disc in (B) stained for pMad (red). (D, E
Intensity profiles of h-gal and pMad expression across the A/P axis in brkXA
mutant and brkXA/+ wild-type wing discs (the wild-type profile comes from
Fig. 1Biii). pMad expression appears very similar, but the graded brk
expression found in wild-type discs is lost in the mutant where there is a
fairly sharp boundary between high levels of expression laterally/mediolaterally
and no expression medially.
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Mad is co-expressed (Fig. 5C, compare to Fig. 2Biv). This
presents the possibility that omb as well as sal may be directly
activated by pMad.
Generation of the brk expression gradient requires Brk to
negatively autoregulate
The studies above clearly demonstrate that a gradient of brk
expression is essential for maintaining the normal morphology
of the wing disc and establishing nested patterns of gene
expression along the A/P axis. Previous studies have shown
that the extracellular Dpp protein gradient establishes this brk
gradient by generating an intracellular gradient of pMad which,
in combination with the co-Smad, Medea, binds to silencer
elements upstream of brk and recruits Shn to repress
transcription (Muller et al., 2003; Pyrowolakis et al., 2004).
However, brk expression has also been shown to be negatively
regulated by Brk itself (Hasson et al., 2001), and so we
investigated the role of Brk in establishing its own expression
pattern by analyzing what happens to the brk expression
gradient in the absence of Brk protein. This was achieved
initially by monitoring h-gal expression in the brkXA enhancer
trap.
brkXA has a lacZ P-element inserted just upstream of the
transcription start site (Campbell and Tomlinson, 1999), and
wing discs from hemizygotes have a strong brk phenotype that
is associated with markedly reduced levels of Brk protein (not
shown). As described above, in brkXA/+ heterozygous discs,
h-gal expression is similar to that of Brk protein showing a
clear lateral-to-medial graded expression in the anterior and
posterior halves of the wing pouch (Figs. 1, 6A). However, in
brkXA mutant discs, although h-gal is still expressed, there is a
dramatic alteration in both the level and pattern of expression
compared to that in heterozygous discs: the general level of
expression is increased (this is partly, but probably not entirely,
due to dosage compensation as brk is on the X), and, although
expression is still absent from the medial region of the disc,
there is very little graded expression so that there is a fairly
sharp boundary between cells expressing h-gal and those not
(Fig. 6B). When compared to wild-type discs, it is apparent that
the normal pattern of no expression in the medial region, high
levels in the lateral region and graded levels in the mediolateral
region between is modified in the brk mutant discs to no
expression in the medial region and high levels in both
mediolateral and lateral regions, that is, the region showing
graded expression in wild-type discs has high levels of
expression in the mutant (Figs. 6D, E). One possible reason
for this difference is that pMad levels were modified in the
mutant discs. However, examination of pMad expression in the
mutant discs revealed that there was no apparent difference to
that in wild-type discs (Figs. 6C–E).
This indicated that Brk is required to repress itself to
generate the gradient of expression. Further evidence for this
was provided by examining expression of a brk reporter, B14-
lacZ, in wing discs containing brk null mutant clones; the B14
genomic fragment possesses the Mad/Med/Shn silencer ele--
)ments and has been shown to drive lacZ expression in a pattern
similar to that of the endogenous gene (Muller et al., 2003).
B14-lacZ expression is dramatically upregulated in brk mutant
clones located in the mediolateral region (Fig. 7B). As
expected, B14-lacZ is not expressed in clones located in
medial regions, but there is some upregulation of expression in
lateral clones where brk levels are already high (Fig. 7B). The
level of expression in the mediolateral clones is similar to that
in the lateral clones. This indicates that Brk is functioning to
repress B14-lacZ expression in the mediolateral region and in
the lateral region but that it is much more effective at repressing
in the mediolateral region.
The notion that Brk is less effective at repressing itself in
lateral regions was supported by examining the effect of
ectopic brk on expression of the endogenous gene. This was
done by generating clones of cells ectopically expressing brk in
brkXA/+ heterozygous discs. Clones in mediolateral regions are
Fig. 7. The effect of loss and gain of function brk clones on brk expression. (A, B) Expression of lacZ driven by the B14 enhancer element (red) in a disc containing
brkM68 mutant clones (marked by the loss of a ubiquitous GFP transgene). (B) is a magnification of the box in (A). (A) B14-lacZ expression is similar to that of brk,
apart from the mutant clones which are outlined in (B). (B) This disc contains numerous clones; three have been highlighted in different positions: medial (red
arrowhead), mediolateral (yellow arrowhead) and lateral (white arrowhead). B14-lacZ expression is still off in the medial clone, but it is upregulated in the
mediolateral clone to levels similar to that laterally (note that expression can barely be detected in cells surrounding the clones, indicating that Brk is required in these
wild-type cells to repress B14-lacZ expression). In the lateral clone, there is a slight upregulation of expression in comparison to surrounding cells which have high
levels of expression. (C) brkXA/+ wing disc stained for brk-lacZ expression (red) and containing clones of cells ectopically expressing brk (green, made using the flp-
out system and tub>CD2>Gal4; clones marked with UAS-GFP). In mediolateral regions, the brk gain of function clones repress expression of brk-lacZ (yellow
arrowheads), but more laterally they do not (white arrowheads).
Fig. 8. Regulation of brk and Brk target gene expression in the wing. Across
the A/P axis of the wing disc, brk (green) is expressed at high levels laterally
(L), is not expressed medially (M) and, between these extremes, in the
mediolateral region (ML), it shows graded expression. This mirrors the medial-
to-lateral gradient of pMad (scarlet) which is established by graded BMP
signaling. In medial regions where pMad is high, it is sufficient alone to repress
brk completely. However, in mediolateral regions, repression of brk requires a
combination of pMad and Brk. The sal and omb genes are repressed directly by
Brk, but sal is repressed by lower levels of Brk than omb and is consequently
expressed in a narrower domain. However, other factors in addition to the level
of Brk influence whether sal or omb are expressed in a particular cell. First,
more Brk appears to be required to repress sal in the posterior than the anterior.
Second, pMad can antagonize Brk activity, suggesting that it directly activates
sal and omb. Consequently, whether omb or sal are expressed in a particular
cell will depend upon the levels of Brk and pMad in that cell and whether it is
in the anterior or posterior.
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lateral regions are not (Fig. 7C).
Discussion
Generation of a Brk gradient from an extracellular Dpp
gradient
The brk expression profile in the wing disc can be divided
into three regions: laterally levels are high, medially there is no
expression, and mediolaterally levels are graded between these
two extremes (Figs. 1, 8) (Campbell and Tomlinson, 1999;
Jazwinska et al., 1999; Minami et al., 1999; Muller et al., 2003).
This lateral-to-medial brk gradient mirrors the extracellular
medial-to-lateral distribution of Dpp protein and concomitant
graded profile of intracellular pMad (Belenkaya et al., 2004;
Entchev et al., 2000; Tanimoto et al., 2000; Teleman and Cohen,
2000). pMad, in combination with Medea and Shn, is directly
responsible for repressing brk by binding to silencer elements
upstream of brk (Muller et al., 2003; Pyrowolakis et al., 2004).
Consequently, it was thought that the activity of the silencer
elements is dependent directly on the level of pMad and is
modulated continuously over the range of graded pMad.
However, here, we show that, in brk mutants, brk expression
(monitored in an enhancer trap which is also a mutant) is no
longer graded so that, although it is still absent from the medial
regions, more laterally, expression levels rise precipitously and
are now uniformly high in the mediolateral region where brk is
normally graded (Fig. 6). This requirement for Brk to repress its
own expression is also supported by the observation that
expression of a brk reporter, B14-lacZ, is dramatically upregu-
lated in brk mutant clones in mediolateral regions (Fig. 7B).
Thus, in the absence of Brk, although high levels of pMad
medially are able to repress brk, in the mediolateral region,lower levels of pMad cannot. Note that pMad is required in
these mediolateral regions in wild-type discs to repress brk
(Campbell and Tomlinson, 1999). Consequently, it is possible
to divide the disc up into three regions along the anteroposter-
ior axis: in medial regions, pMad is sufficient to repress brk, in
mediolateral regions, a combination of pMad and Brk is
required to generate graded Brk, while laterally, brk levels are
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able to repress itself somewhat in the absence of pMad in
lateral regions because lacZ expression is upregulated there in
brkXA mutants and B14-lacZ expression is upregulated there in
brk mutant clones (Figs. 6B, 7B).
These observations show that both Brk and pMad are able to
at least partially repress brk in the absence of the other but that
they are much more effective together. It is important to
remember that initially the only graded information intracellu-
larly is pMad so that one way to view brk negative
autoregulation is that Brk boosts the ability of pMad to repress
brk. This is supported by the demonstration that ectopic Brk
can repress expression of the endogenous gene (again
monitored by expression of an enhancer trap) but that it is
more effective at doing this medially than laterally.
Why does Brk negatively autoregulate?
There are at least three reasons why brk negatively
autoregulates: first, to stabilize the brk expression gradient;
second, to ensure that the response to pMad is graded and not all-
or-none; third, to increase the sensitivity of cells to Dpp. First,
Brk negative autoregulation will act as a feedback mechanism to
ensure that the brk expression gradient is stable. This will buffer
against random fluctuations in brk levels and, importantly,
against gross changes in levels that would be found, for
example, in brk mutant heterozygotes compared to wild-type.
Second, to establish graded expression of brk from the pMad
gradient, it is essential that there is not a simple threshold
response of brk to pMad but that the response is continuous
from low to high. In the absence of Brk, there is a threshold
response, that is, below a certain concentration of pMad, there is
no effect upon brk expression, but slightly higher levels result in
complete repression. In the presence of Brk, this response is
altered from threshold to graded. How this operates at the
transcriptional level is unclear. Brk is a DNA binding protein
and would be expected to repress itself by binding to sequences
in the B14 element; this is currently being investigated.
Third, as already noted, pMad levels appear to be the same
in the presence or absence of Brk, but, in the mediolateral
region, cells lacking Brk are unable to repress brk. Conse-
quently, if brk expression is used as a readout of BMP
signaling, these cells now fail to respond to the low levels of
Dpp present in this region. When Brk is present, these cells can
now repress brk, and this effectively allows cells to respond to
these low levels of Dpp to which they cannot respond in the
absence of Brk. Thus, Brk negative autoregulation may act as a
novel mechanism to extend the range of Dpp in this tissue.
BMPs and other TGF-hs act as morphogens in many
developmental systems (McDowell and Gurdon, 1999; Chen
and Schier, 2001), and, although a direct vertebrate homolog of
Brk has not been identified, the results described here pose a
number of questions about how BMP/TGF-h signaling func-
tions to regulate gene expression. For example, are analogous
transcriptional mechanisms required to boost the response of
cells to low levels of external signaling molecules? Furthermore,
in regard to Smad activity, are transcriptional responses to Smadsmore likely to be largely all-or-none as with brk expression in the
absence of Brk so that special mechanisms are required to
modulate this to a more graded response when required?
Graded Brk is essential for normal disc morphology and to set
the lateral limits of gene expression along the A/P axis
Disrupting the graded profile of Brk by misexpressing it at
high levels throughout the posterior compartment has profound
effects on disc morphology and gene expression. The genera-
tion of a sharp interface between cells expressing high levels of
Brk and non-expressing cells in the center of the disc results in
dramatic alteration to the normal flat morphology of the disc
which is now thrown into a deep invagination centered on this
interface (Fig. 2Bii–v). This is probably a manifestation of a
phenomenon recently described in the wing disc, whereby loss
of Dpp signaling in cells in the wing pouch results in their
extrusion from the epithelium (Gibson and Perrimon, 2005;
Shen and Dahmann, 2005). As yet, the molecular basis for this
has not been uncovered, and, although it is associated with
reorganization of some cytoskeletal elements, this is probably a
secondary consequence of a difference in cell surface properties
between cells transducing and those not transducing the Dpp
signal. If so, Brk would either directly or indirectly regulate the
expression of genes controlling these cell surface properties,
and it should be noted that sal mutant clones located in medial
regions are lost from the epithelium (Milan et al., 2002),
possibly due to upregulation of the genes encoding the adhesion
proteins, Capricious and Tartan, which are negatively regulated
by Sal; consequently, this could contribute to the extrusion/
invagination phenomena and needs to be investigated further.
The proposal that the lateral limits of sal and omb expression
are set by their sensitivity to repression by brk was supported by
our ability to completely repress sal with lower levels of
ectopically expressed Brk than required to repress omb (Fig. 2).
The effect of ectopic Brk on sal and omb appears to be direct and
cannot be explained either by modulation of pMad levels or by
excessive cell death: pMad levels remain high in the cells
expressing brk immediately posterior to the A/P compartment
boundary (Fig. 5Aii), and the level of cell death appears similar
in the presence or absence of ectopic brk (Fig. 4). It was not
possible to directly compare the levels of ectopically expressed
Brk required to repress sal and omb to the levels that do this in
wild-type discs because anti-Brk staining was variable in the
ectopic domain (Fig. 3). Whether this reflects a real variation in
levels between cells, possibly due to oscillating expression, or is
an artifact of antibody staining remains to be determined, but
repression of sal and omb does not vary in a similar fashion
(Figs. 2B, C), indicating that the effect of ectopic Brk is fairly
uniform from cell to cell and that this activity is not truly
reflected by the antibody staining.
Although cis-regulatory elements driving sal and omb
expression in wing discs have been analyzed and shown to
contain Brk binding sites (Barrio and de Celis, 2004;
Sivasankaran et al., 2000), these studies have not provided a
molecular explanation for why sal is repressed by lower levels
of Brk than omb. This may, in fact, prove difficult to assess
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(Winter and Campbell, 2004), and, consequently, the sensitiv-
ity of an enhancer to Brk will be a measure of both the number
and affinity of Brk binding sites along with the relative activity
of the mechanisms Brk can use to repress that gene.
Gene expression along the A/P axis is also defined by other
factors including pMad levels
Brk may not be the only factor that defines where a gene is
expressed along the A/P axis. A comparison of sal and brk
expression in wing discs reveals that the lateral margin of the sal
domain coincides with higher levels of brk in the posterior than
in the anterior (Fig. 1Cv). This indicates that more Brk is
required to repress sal in the posterior than the anterior and that
additional factors which are asymmetrically expressed in the
anterior and posterior, such as Engrailed or Cubitus Interruptus,
either directly or indirectly modulate the sensitivity of sal to Brk.
Previous observations also suggested that sal may be regulated
slightly differently in the posterior compared to the anterior. For
example, although sal expression expands as predicted in brkXA
mutant discs, this ectopic expression is largely excluded from
the margin in the anterior, but not in the posterior, where levels
are also generally higher than in the anterior (Campbell and
Tomlinson, 1999). Unlike sal, the lateral margin of the omb
domain appears to coincide with similar levels of Brk in the
anterior and posterior (Fig. 1Cv). However, as for sal, analysis
of omb expression in brkXA discs reveals a difference between
anterior and posterior, with more extensive ectopic expression in
the posterior of mutant discs (Campbell and Tomlinson, 1999).
pMad also appears to positively influence expression of sal
and omb, independent of its role in repressing brk. Smads can
function as activators as well as repressors, again by binding
directly to regulatory regions of genes. Mad binding sites have
been shown to be essential for the activity of enhancers from
several genes including some expressed in the wing, for
example, vestigial (Kim et al., 1997), and in the embryo
(Rushlow et al., 2001; Szuts et al., 1998; Xu et al., 1998, 2005),
where there is evidence that increasing the affinity of Mad
binding sites can increase the sensitivity of an enhancer to
activation by BMP signaling (Wharton et al., 2004).
Previous studies in the wing suggested that sal, but not omb,
is directly activated by pMad; this was based on the
observation that the level of sal expression in brk mutant cells
in lateral regions is lower than in the endogenous domain in the
center; in contrast, omb levels appear similar in both (Campbell
and Tomlinson, 1999; Jazwinska et al., 1999; Marty et al.,
2000). A direct activating influence of pMad on gene
expression is supported by our demonstration that upregulating
Mad levels antagonize the ability of ectopic Brk to repress sal
and omb, suggesting that pMad can activate omb as well as sal.
However, although Smad binding sites have been identified in
a sal enhancer element (Barrio and de Celis, 2004) and they
appear necessary to drive maximal levels of expression, they
do not seem to have a direct influence on establishing the
lateral limit of expression. Consequently, although our results
indicate that Mad may have a positive influence and expand thewidth of expression domains, more detailed analyses of cis-
regulatory elements are required to support this. We have also
identified Mad binding sites in omb cis-regulatory sequences,
and their importance is being studied (GC, unpublished).
It is possible that pMad could influence gene expression by
other mechanisms such as by modulating the activity of Brk
itself. Furthermore, it should be remembered that pMad
represses brk expression so that it is formally possible that
the effects observed with overexpression of Mad are in fact due
to downregulation of the endogenous brk gene. However, this
is very unlikely because the response is analyzed in cells
immediately anterior to the posterior compartment boundary
where pMad levels are already high and where no endogenous
brk gene expression can be detected (Fig. 5A).
Competition between pMad and Brk has also been proposed
to control where some genes are expressed in the embryo
(Kirkpatrick et al., 2001; Rushlow et al., 2001; Saller and
Bienz, 2001). Although it was suggested that this may function
through direct competition for overlapping binding sites, which
occur in some genes, Brk does not appear to repress via this
mechanism (Winter and Campbell, 2004), and also, in regard to
sal cis-regulatory sequences, the Smad and Brk binding sites in
sal are situated some distance apart (Barrio and de Celis, 2004).
In conclusion, whether a gene will be expressed in a given
cell in the wing disc depends upon how much Brk and pMad
are present, the sensitivity of that gene to repression by Brk and
activation by pMad and whether the cell is in the anterior or
posterior compartment. It is interesting to note that, as already
discussed, the level of Brk present is also directly related to
both how much pMad and how much Brk are present.
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